tabolism is regulated largely at the level of transcription. In gram-negative bacteria the major component of transcriptional control is the cAMP receptor protein (CRP), which acts primarily as a global transcriptional activator in the presence of cAMP (Magasanik, 1970 
DNA binding-competent state is created by binding coalso reveals a simple but elegant mechanism whereby repressor, either hypoxanthine or guanine, in the cavity three CcpA family-specific residues effect CCR and disbetween the N and C subdomains, while in LacI the apo criminate against PTS. Finally, comparison of the ternary form is the DNA bound state (i.e., not effector bound; structure with the apoCcpA structure reveals a novel Schumacher et al., 1994 Schumacher et al., , 1995 Table 1 ). The crystallographic sical interaction between these proteins has been inasymmetric unit (ASU) contains two CcpA-(HPr-Ser46-controvertibly demonstrated by retarded gel elution of P)-cre ternary complexes. The current model includes HPr-Ser46-P from CcpA-attached columns, electrophoresidues 1-332 of the four CcpA subunits, residues 2-88 retic gel mobility assays, and NMR measurements of the four HPr-Ser46-P proteins, and all nucleotides of (Jones et al., 1997a; Galinier et al., 1999; Aung-Hilbrich the two 16 bp cre duplexes. The R work and R free are 24.2% et al., 2002). However, the mechanism by which HPrand 28.8%, respectively, to 2.80 Å resolution (Table 1 ).
Ser46-P functions as an allosteric effector of CcpA is un-
The CcpA-(HPr-Ser46-P)-cre ternary structure reveals known.
that HPr-Ser46-P binds the surface of CcpA with a stoiHPr is itself a central metabolic sensor in low-GC chiometry of one HPr-Ser46-P molecule per CcpA subgram-positive bacteria, where it plays a dual role that unit. Thus, in accord with previous biochemical studies, is mediated through its phosphorylation state and site the complex contains one cre duplex, one CcpA dimer, of phosphorylation. Under conditions of low intracellular and two HPr-Ser46-P molecules ( Figure 1A ; Jones et al., glucose concentrations, residue His15 is phosphory1997a). The structure of CcpA (332 residues) is similar lated to give HPr-His15-P, which has a catalytic function to those of LacI-GalR family members PurR and LacI in sugar uptake in the phosphoenolpyruvate:sugar pho-(Supplemental Figure S1 at and Gua(14B) bases are specified by hydrogen bonds at half-site 1 cannot interact with the DNA sequence of half-site 2 due to steric clash between Ala17 and Ade4A. from HTH residue Arg21, which is conserved in all CcpA proteins, while conserved residue Leu55, the "leucine Thus, the precise docking of each CcpA HTH is contingent upon the DNA sequence. Despite this different lever," and its dyadic mate intercalate between the bases of the universally conserved central Cyt(8A): docking, key base and phosphate contacts are preserved in each half-site. In short, CcpA, like other LacIGua(8B) and Gua(9A):Cyt(9B) bp steps. Leucine intercalation, also observed in the PurR-DNA and LacI-DNA GalR family members, uses its leucine levers to evoke reconfiguration of the cre so that major groove bases complexes, results in DNA kinking and minor groove expansion. However, unlike the PurR bound purF operacan be read specifically. However, the HTH motifs of CcpA display significant plasticity in their ability to bind tor, in which the entire minor groove is widened, the minor groove width of the CcpA bound cre is expanded half-sites with altered sequences, thereby providing a molecular explanation for the degenerate sequence of only near the central GpCpGpCp sequence to 9.1 Å -12.9 Å but returns to a B-DNA width (5.7 Å ) near the many cre site positions (Miwa et al., 2000). Intriguingly, structures of LacI bound to a symmeterized operator DNA 5Ј ends. Additionally, the global-bend angles of the DNA bound by CcpA, PurR, and LacI are different. PurR and its natural, longer operator, O1, also revealed a remarkable capacity for plasticity in DNA binding by (Schumacher et al., 1994) and LacI (Lewis et al., 1996) bend their operators by ‫05ف‬Њ and ‫04ف‬Њ, respectively, LacI, in that the global positioning of the LacI dimer on O1 is highly asymmetric, resulting in a markedly different compared with 35Њ for CcpA bound cre.
The cre site used in the study is pseudopalindromic; pattern of specific contacts between the two DNA halfsites (Kalodimos et al., 2002). In this regard, it is also thus, CcpA contacts to dyad-related bps 4 (a T•A in half-site 1) and 12 (an A•T in half-site 2) differ: in halfinteresting to note that CcpA and LacI display strikingly similar DNA contacts and marked conservation of their site 1 Ser15 and Ala17 contact Thy4A, while in halfsite 2 Ala17 contacts Ade12B ( Figures 1C and 2A-2C) .
DNA binding residues. These overall findings suggest a similarity in the recognition strategies utilized by CcpA Modeling reveals that the orientation of the HTH bound and LacI, and perhaps other LacI-GalR members, and ily, are not only critical in HPr-Ser46-P binding but also play key roles in the allosteric mechanism mediated by indicate that adaptability may be a characteristic feature of LacI-GalR members.
HPr-Ser46-P (see below). Moreover, mutagenesis studies have revealed that CcpA family-specific residues Tyr295 and Ala299 are essential for HPr-Ser46-P binding CcpA-(HPr-Ser46-P) Interactions The complex between CcpA and HPr-Ser46-P buries (Kraus et al., 1998). An important feature of the CcpAHPr-Ser46-P complex is that each HPr-Ser46-P mole-1400 Å 2 ASA. All contacts from HPr-Ser46-P are made to residues of the N subdomains of CcpA. The primary cule interacts with the N subdomains of both subunits of the CcpA dimer, whereby each HPr-Ser46-P molecule interaction interface is forged between HPr-Ser46-P residues, which are located on ␣1, ␣2, the turn between contacts helices I and IX of one CcpA subunit and helices IЈ and IIЈ (where Ј indicates the other subunit of the ␤1 and ␣1, and the surface-exposed regions of CcpA helices I and IX ( Figure 3A) . CcpA helix IX, which plays dimer; Figures 3A and 3B) . One HPr-Ser46-P residue, Arg17, plays the critical role in this bridging interaction the preeminent role in HPr-Ser46-P binding, contains a large number of hydrophobic residues that are conby directly contacting CcpA residues Asp84 and Asp69Ј and Asp99Ј. served in CcpA family proteins, including Tyr295, Ala299, Val300, and Leu304. These residues form a tight interface with HPr-Ser46-P residues Ile47, Met48, and Met51
CcpA-Specific Interactions with HPr Ser46-P and His15: Discrimination of the PTS ( Figure 3A) . Sequence alignments of the more than 20 CcpA family proteins reveal that residues on helix IX and CCR Pathways HPr cannot bind CcpA unless HPr residue Ser46 is phosare among the most conserved (Figure 4) . Although HPr shares only 45% contacted by CcpA-specific residue Lys307. These consequence identity with Crh, B. megaterium HPr residues tacts effectively lock the Ser46-P group into a small Ala16, Arg17, Gln24, Ile47, Met48, and Met51, which are pocket, which is formed by an extended loop that traimportant for CcpA binding, are conserved in Crh. This verses helix IX to ␤ strand E (Figures 3A and 3B ; Suppleinformation supports the supposition that the Crhmental Figure S2 K12, NP_414879) . CcpB_Bsu shares 30% sequence identity with CcpA; however, CcpB does not contain residues necessary for HPr-Ser46-P binding. The lack of HPr-Ser46-P binding residues in CcpB is consistent with the fact that CcpB has a different cellular function, which is dependent upon changes in oxygen supply and cell density (Chauvaux et al., 1998).
Ser46-P)-cre ternary complex, the structure of unlimacher et al., 1994, 1995; Lewis et al., 1996) . The simultaneous rotation of both CcpA N subdomains leads to ganded CcpA, i.e., apoCcpA as well. Thus, we determined the structure of apoCcpA from three different a large change in the N subdomain dimer interface whereby the intersubunit ␤ sheet formed between the crystal forms. Overall, these crystals contained ten apo dimers, thus providing 20 crystallographically indepen-N subdomains ratchets from one set of hydrogen bonds to another ( Figure 5B ). This N subdomain rotation and dent views of the apoCcpA subunit conformation (Experimental Procedures; Table 1 forms were cryo-protected by 50% PEG MME 3350 while the P2 1 substituted CcpA, the protein was expressed in E. coli utilizing the crystals were cryo-preserved by 40% PEG 400, 0.1 M Tris 7.0, 0.2 methionine inhibitory pathway. CcpA was concentrated to 10 mg/ml M MgCl 2 . X-ray intensity data were collected at ALS beamline 8.2.1 in 100 mM potassium phosphate (pH 7.4), 5% glycerol, and 1% EDTA. B. megaterium HPr was purified using Q sepharose chromaand processed with MOSFLM.
